This paper examines liquidity and quote clustering on the NYSE and Nasdaq using data after the two market reforms-the 1997 order-handling rule and minimum tick size changes. We find that Nasdaq-listed stocks exhibit wider spreads and smaller depths than NYSE-listed stocks and stocks with higher proportions of even-eighth and even-sixteenth quotes have wider quoted, effective, and realized spreads on both the NYSE and Nasdaq. This result differs from the findings by Bessembinder (1999, p. 404 Chung et al./The Financial Review 37 (2002) odd-eighth quotations," and "odd-sixteenth avoidance has little relevance for explaining postreform Nasdaq trading costs."
Introduction
Numerous studies show that trading costs on Nasdaq are significantly greater than those on the NYSE. For example, Goldstein (1993) , , Huang and Stoll (1996) , and Kaufman (1997, 1998) find that both the quoted and the effective spreads of stocks traded on Nasdaq are wider than those of comparable stocks traded on the NYSE. In addition, Christie and Huang (1994) and Barclay (1997) find that spreads become narrower when stocks move from Nasdaq to the NYSE. maintain that Nasdaq dealers implicitly collude to set wider spreads than their NYSE counterparts, based on their finding that stocks listed on Nasdaq exhibit fewer odd-eighth quotes than comparable stocks on the NYSE.
The public disclosure of findings rekindled debates on the efficacy of the Nasdaq system. During the summer of 1994, numerous class-action lawsuits were filed in California, Illinois, and New York against Nasdaq market makers.
1 Prompted by renewed debates and also by legal action taken against Nasdaq market makers, both the Department of Justice and the Securities and Exchange Commission (SEC) undertook regulatory investigations into the issue. These investigations led to a series of reforms on Nasdaq. First, the Department of Justice investigation prompted market makers to curb the practice of avoiding oddeighth quotes. Second, NASD Regulation Inc. was created to take over the regulatory responsibilities of the National Association of Securities Dealers. Third, the SEC enacted sweeping changes in the order-handling rules on Nasdaq.
On January 20, 1997, the phase-in of the new SEC order-handling rules began.
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The first rule, known as the "Limit Order Display Rule," requires that limit orders be displayed in the Nasdaq best bid and offer (BBO) when they are better than quotes posted by market makers. This new rule allows the general public to compete directly with Nasdaq market makers in the quote-setting process. The second SEC rule, known as the "Quote Rule," requires market makers to publicly display their most competitive quotes. This rule allows the public access to superior quotes posted by market makers in Electronic Communication Networks (ECNs). 3 Under the new 1 These lawsuits were later consolidated into a single class-action suit in the Southern District of New York.
2 These new rules were phased in for all Nasdaq National Market System issues by October 13, 1997. 3 ECNs are proprietary trading systems such as Instinet that are used exclusively by market makers and large institutions.
rule, if a dealer places a limit order into Instinet or another ECN, the price and quantity are incorporated in the ECN quote displayed on Nasdaq. Barclay, Christie, Harris, Kandel, and Schultz (1999) examine the effect of these changes on Nasdaq trading costs for the first 100 stocks phased in under the new rules. They find that quoted and effective spreads decline by about 30%, with the largest decline observed for the group of stocks with relatively wide spreads prior to the rule changes. They also find that approximately 60% of the total decline in trading costs for Nasdaq stocks between January 1994 and February 1997 arose prior to the introduction of the new SEC rules. They attribute this pre-reform decline in spreads to various government investigations and negative publicity directed at Nasdaq dealers ignited by the results in .
On June 2, 1997, the minimum tick size on Nasdaq changed from $1/8 to $1/16 for stocks with a price greater than $10. A similar change occurred for NYSE stocks on June 24, 1997. Simaan, Weaver, and Whitcomb (1998) investigate the quotation behavior of Nasdaq market makers following the tick size change. They find that Nasdaq market makers continue to avoid odd ticks, but traders entering orders on ECNs do not exhibit the same behavior. Their findings show that ECNs frequently establish the inside market quote and reduce trading costs for the public about 19% of the time.
Overall, both academic research and anecdotal evidence suggest that trading costs for Nasdaq issues have declined significantly since the public dissemination of the Christie and Schultz findings, and particularly since the implementation of the new SEC rules. Given the results of pre-reform studies (see, e.g., Huang and Stoll, 1996; Bessembinder and Kaufman, 1997 ) that trading costs on Nasdaq are significantly greater than those on the NYSE, it would be of great interest to both regulatory authorities and the general public to know whether investors incur larger trading costs on Nasdaq than on the NYSE after the implementation of the new SEC rules and the new tick size. 4 We compare trading costs and depths between Nasdaq-listed and NYSE-listed stocks using data on 460 matching pairs of Nasdaq and NYSE stocks during a threemonth period from February 1, 1998 , to April 30, 1998 Bessembinder (1999) also performs a post-reform comparison of execution costs between Nasdaq and NYSE stocks. Our study differs from his study in two important ways. First, whereas 4 Jones and Lipson (1999) compare execution costs across the major U.S. exchanges using a sample of institutional equity orders in firms that switch exchanges and find that execution costs including commissions are not different across these exchanges.
5 Demsetz (1997) suggests that the excess of Nasdaq spreads over NYSE spreads reported in may not necessarily be an indication of collusion among Nasdaq dealers. Demsetz suggests that Nasdaq spreads are likely to be larger than NYSE spreads even in the absence of the alleged collusion because spreads on the Nasdaq were set exclusively by dealers, whereas NYSE spreads were set by both specialists and limit order traders. Because Nasdaq spreads reflect the interest of both market makers and limit order traders in our post-reform data, our study is not subject to the same criticism.
Bessembinder focuses on the difference in spreads between Nasdaq and NYSE stocks, we examine differences in depths as well. We consider this important because the spread captures only one dimension of liquidity. As shown in Lee, Mucklow, and Ready (1993) , Harris (1994) , Kavajecz (1999) , Goldstein and Kavajecz (2000) , and Jones and Lipson (2001) , it is necessary that we consider both the price and quantity dimensions of dealer quotes to accurately measure liquidity. Second, we employ a different approach for the analysis of the effect of quote clustering on spreads. Specifically, we calculate the "residual spread" that is orthogonal to stock attributes and test whether quote clustering has any impact on the spread. This enables us to accurately measure the net effect of quote clustering on spreads after controlling for other determinants of spreads.
Our empirical results show that Nasdaq market makers post wider spreads than NYSE specialists, despite the fact that Nasdaq spreads have declined significantly during the last several years. We also find that Nasdaq market makers post significantly smaller depths than NYSE specialists. The results show that the proportion of even-sixteenth quotes is higher than the proportion of odd-sixteenths on both the NYSE and Nasdaq and stocks with higher proportions of even-sixteenth quotes have wider spreads.
The paper is organized as follows. Section 2 describes our data and stock matching procedure. Section 3 explains our measures of trading costs. Section 4 presents a detailed analysis of the differential trading costs and depths between Nasdaq and NYSE stocks. Section 5 examines the effect of quote clustering on trading costs. Section 6 presents the results of sensitivity analyses with respect to different matching methods. Section 7 concludes.
Data source and sample selection
We obtain data for this study from the NYSE's Trade and Quote (TAQ) database. Additionally, we obtain dealer quote data from Nasdaq for depth computation. We begin our sample selection by identifying Nasdaq stocks for which the new SEC rules were in effect as of June 30, 1997. This initial sample comprises 650 stocks that are included in the first 13 batches of Nasdaq stocks phased in under the new SEC rules.
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Of these 650 stocks, we find only 624 stocks on the list of stocks under the new rules posted on the National Association of Securities Dealers Web site.
7 Of these 624 stocks on the list, we are able to obtain data on 551 stocks from the TAQ database for our study period from February 1, 1998 , to April 30, 1998 . Of the remaining 551 stocks, we obtain depth data from Nasdaq for only 508 stocks. Because our study period starts at February 1, 1998, our choice of June 30 as the cut-off point ensures at least a seven-month assimilation period for the new rules.
Before we match our Nasdaq stocks with their counterparts on the NYSE, we precondition our data to minimize errors. We omit trades and quotes if the TAQ database indicates that they are out of time sequence, involve an error, or involve a correction. We omit quotes if either the ask or the bid price is equal to or less than zero. Similarly, we omit quotes if either the bid or ask depth is equal to or less than zero. We omit trades if the price or volume is equal to or less than zero. As in Huang and Stoll (1996) , we omit the following to further minimize data errors: quotes when the spread is greater than $4 or less than zero; before-the-open and after-the-close trades and quotes; trade price, p t , when |( p t − p t−1 )/ p t−1 | > 0.10; ask quote, a t , when |(a t − a t−1 )/a t−1 | > 0.10; and bid quote, b t , when |(
We measure share price by the mean value of the midpoints of quoted bid and ask prices and return volatility by the standard deviation of daily returns calculated from the daily closing midpoints of bid and ask prices. 8 We recognize that the reported number of trades on Nasdaq is not directly comparable to that on the NYSE because there are many inter-dealer trades on Nasdaq.
9 Because inter-dealer trades exaggerate the reported volume, Nasdaq volume tends to be larger than the NYSE volume. We measure the number of trades for NYSE-listed stocks using transactions on both the NYSE and other markets (i.e., regional and over-the-counter markets) to counterbalance the effect of inter-dealer trades on the reported volume of Nasdaqlisted stocks. 10 We measure trade size by the average dollar transaction during the study period.
Following Bessembinder (1999) , we match each stock in the Nasdaq sample with its NYSE counterpart based on the market value of equity (MVE). We first calculate the following match score (MS) for each Nasdaq stock in our sample against each of the 2,912 NYSE stocks in the TAQ database:
(1) 8 We drop a stock from the study sample if its mean share price during the study period is less than $1.
9 Nasdaq uses the same volume counting rules as the NYSE. Every time a trade occurs, either between two market makers, a market maker and a customer, or two customers, it is counted as one trade. The factor that makes it difficult to compare volumes of the two markets is the inter-dealer trading on Nasdaq.
10 Note that trades and quotes for Nasdaq-listed stocks originate mostly from the Nasdaq market, whereas many trades and quotes for NYSE-listed stocks reflect activity at a regional stock exchange or the NASD over-the-counter market. Bessembinder (1999) reports that approximately one-third of the trades for NYSElisted stocks are executed off the NYSE. Because the recommended adjustment factor for Nasdaq volume that will neutralize the effect of inter-dealer trades is about 30% to 50% (see, e.g., Atkins and Dyl, 1997) , our volume-counting scheme appears reasonable. where MVE represents the market value of equity on January 31, 1998, and the superscripts, N and Y, refer to Nasdaq and NYSE, respectively. Then, for each Nasdaq stock, we pick the NYSE stock with the smallest score. We drop NYSE-Nasdaq pairs from the study sample if their share prices differ by more than $60. This procedure results in 460 pairs of Nasdaq and NYSE stocks.
We report summary statistics of our matched sample in Table 1 . The average market value of equity for the Nasdaq sample ($1,143 million) is similar to the corresponding figure ($1,147 million) for the NYSE sample. The average price of our Nasdaq sample is $28.81, and the corresponding figure for the NYSE sample is $28.98. The average number of transactions and trade size for the Nasdaq sample are 21,105 and $40,367, respectively, and the corresponding figures for the NYSE sample are 4,234 and $40,048. The mean values of the standard deviation of daily returns for our Nasdaq and NYSE stocks are 0.0340 and 0.0154, respectively. Overall, our matching samples of Nasdaq and NYSE stocks are similar in price, trade size, and market capitalization but differ in return volatility and the number of trades. These are similar to sample characteristics in Bessembinder (1999) .
Measures of trading costs and depths
We use three measures of trading costs in this study: quoted spread, effective spread, and realized spread. 12 The quoted spread is calculated as
where A it is the posted ask price for stock i at time t, B it is the posted bid price for stock i at time t, and M it is the mean of A it and B it . To more accurately measure trading costs when trades occur at prices inside the posted bid and ask quotes, we calculate the effective spread using the following formula:
where P it is the transaction price for security i at time t, M it is the midpoint of the most recently posted bid and ask quotes for security i, and D it is a binary variable that equals 1 for customer buy orders and -1 for customer sell orders. 13 The effective spread measures the actual execution cost paid by the trader.
We calculate the realized spread using the following formula:
where P it+30 denotes the first transaction price observed at least 30 minutes after the trade for which the realized spread is measured and the other variables are the same as defined above. The realized spread measures the average price reversal after a trade (or market-making revenue net of losses to better informed traders). For each stock, we calculate the time-weighted quoted spread and traded-weighted effective and realized spreads using all the time-series observations during the three-month study period.
For each NYSE stock, we calculate the time-weighted average depth during the study period using data from the TAQ. The Nasdaq quotes in the TAQ database contain only the BBO for Nasdaq National Market System issues. For stocks with more than one market maker, the TAQ database reports only the depth of the market maker who quotes the largest size at the BBO. For this reason, the size field for Nasdaq quotes in the TAQ database is not representative of the market depth. To correctly measure the aggregate depth for each Nasdaq stock, we acquire the market-maker quote data from Nasdaq, which include the spread and depth quotes of each and every market maker. To obtain the aggregate depth, we first sum the depth at each BBO across market makers. We then calculate the time-weighted average of this aggregate depth for each Nasdaq stock during the three-month period. 
Comparison of spreads and depths between Nasdaq and NYSE stocks
In Table 2 we show the average quoted, effective, and realized spreads for our entire sample of Nasdaq and NYSE stocks and for each quartile based on share price, number of trades, trade size, return volatility, and market capitalization. For the whole sample, the average Nasdaq-quoted spread (0.9540%) is about 26% larger than the average NYSE-quoted spread (0.7563%). We find that quoted spreads of Nasdaq-listed stocks are wider than those of NYSE-listed stocks across all quartiles of share price, number of trades, trade size, return volatility, and market capitalization. The results of paired comparison t-tests show that the differences are statistically significant in most cases. Similarly, we find that Nasdaq-listed stocks have wider effective spreads than NYSE-listed stocks. The average effective spread for Nasdaq stocks (0.7522%) is about 32% larger than the average effective spread for NYSE stocks (0.5687%). We find similar results for the realized spread.
In Table 3 we report the average quoted depth for our entire sample of Nasdaq and NYSE stocks and for each stock attribute quartile. The results show that the quoted depth of Nasdaq-listed stocks is significantly smaller than the quoted depth of NYSE-listed stocks. The average depth of Nasdaq-listed stocks (4,339 shares) is only about 42% of the average depth of NYSE-listed stocks (10,388 shares). 15 We observe a similar pattern across all quartiles of share price, number of trades, trade size, return volatility, and market capitalization. The results of paired comparison t-tests show that the differences are all statistically significant.
Although the above results indicate that traders are likely to pay greater execution costs on Nasdaq, it is possible that the observed differences in spreads and depths between Nasdaq and NYSE stocks are due to differences in their attributes. Indeed, when we regress the spread against the stock attributes, the results (see Table 4) show that both Nasdaq and NYSE spreads are strongly related to the five stock attributes. All three measures of trading costs (i.e., the quoted, effective, and realized spreads) are negatively related to share price, number of trades, trade size, and market capitalization and positively related to return volatility. These variables explain about 85% to 90% of the cross-sectional variation in NYSE spreads and about 80% to 82% of the variation in Nasdaq spreads. When we perform similar regression analyses with the depth, we find that the depth is also significantly related to these stock attributes (see Table 5 ).
To determine whether the differential stock attributes between Nasdaq and NYSE stocks can explain the difference between NYSE and Nasdaq spreads, we estimate the following regression model using data for our paired sample of 460 Nasdaq and NYSE stocks:
where N and Y refer to Nasdaq and NYSE, respectively, X i (i = 1 to 5) represents one of the five stock attributes (share price, number of trades, trade size, return volatility, and market capitalization), denotes the summation over i = 1 to 5, αs are the regression coefficients, and ε is the error term.
The results (see Table 4 ) show that there are significant differences in spreads between our Nasdaq and NYSE stocks, even after controlling for differences in their attributes. The highly significant and positive intercepts in all three regressions suggest that the average quoted, effective, and realized spreads of Nasdaq stocks are larger than those of NYSE stocks. When we replicate our analysis with the quoted depth (see Table 5 ), we find that the intercept is highly significant and negative, indicating that the average quoted depth of Nasdaq stocks is smaller than the average quoted depth of NYSE stocks. The differential spreads (depth) cannot be attributed to differences in stock attributes because we control for these differences in our regression. These results suggest that the differences in spreads and depths between Nasdaq and NYSE stocks presented in Table 2 and Table 3 are not due to differences in the stock attributes.
Note that the estimates of α 0 in Table 4 are all larger than the observed spread differences between the two groups of stocks shown in Table 2 . For example, the estimated intercepts are 0.0032, 0.0028, and 0.0038, respectively, when we estimate the above regression model using the quoted, effective, and realized spreads, which are larger than the observed differences (i.e., 0.001977, 0.001835, and 0.003293) in spreads shown in Table 2 . These results suggest that the actual differences in spreads between Nasdaq and NYSE stocks are much larger than those reported in Table 2 , once we consider the differences in stocks attributes between the two groups of stocks. One possible explanation for this result is that the average number of trades for our Nasdaq stocks is much greater than the corresponding figure for their size-matched NYSE counterparts. Because the spread is strongly and inversely related to the number of trades, the differential spreads between Nasdaq and NYSE stocks reported in Table 2 understate their true differences (i.e., the differences that account for the difference in the number of trades).
On the whole, our empirical findings indicate that Nasdaq stocks have, on average, larger spreads and smaller depths than comparable stocks on the NYSE. Hence, despite legal actions taken against Nasdaq dealers and a series of subsequent market reforms, including the new order-handling rules and the tick size reduction, the overall level of liquidity on Nasdaq is still significantly lower than the level of liquidity Table 2 Comparison of spreads between Nasdaq stocks and NYSE stocks
This Indicates statistical significance at the 0.05 level. Table 3 Comparison of depths between Nasdaq stocks and NYSE stocks We calculate the time-weighted average depth using all the time-series observations during the three-month study period. We report the results of paired comparison t-tests for the equality of depths between Nasdaq and NYSE stocks. We measure share price by the mean value of the midpoints of quoted bid and ask prices, and trade size by the average dollar transaction during the study period. The number of trades is the total number of transactions during the study period. We measure return volatility by the standard deviation of daily returns calculated from the daily closing midpoints of bid and ask prices. Q1 is the smallest and Q4 is the largest. on the NYSE. Our analysis suggests that it is unlikely that the results are driven by differential characteristics between the two groups of stocks. Rather, the results are likely driven by institutional differences and/or market structure differences. The wider spread on Nasdaq could indicate that limit-order traders on Nasdaq play less significant roles in establishing spread quotes compared to limit-order traders on the NYSE. In addition, as pointed out by Huang and Stoll (1996) and others, there could be several structural factors that deter price improvement on Nasdaq. Internalization is one likely source of the lower price improvement rate on Nasdaq. To the extent that dealers at broker-dealer firms do not have to compete for the order flow using their own quotes, there is little incentive for them to offer price improvement. Competition is also limited by the practice of preferencing customer order flow. If a large fraction of the retail order flow is preferenced, there is little incentive for a dealer to offer price improvement. and Barclay (1997) show that the frequency of eveneighth quotes on Nasdaq is much higher than the corresponding figure on the NYSE. Based on this evidence, they suggest that there exists implicit collusion among Nasdaq dealers. Christie, Harris, and Schultz (1994) , Bessembinder (1997) , and Christie and Schultz (1999) provide additional evidence that is consistent with collusive behavior. Others argue that the higher frequency of even-eighth quotes does not necessarily imply covert collusion among market makers. For example, Grossman, Miller, Fischel, Cone, and Ross (1997) suggest that the less-frequent use of odd-eighth quotes among Nasdaq dealers could be attributed to the natural clustering of price in competitive financial markets. 17 They suggest that market participants use a coarse price grid as protection against informed traders, as compensation for increased inventory risk, and to minimize the cost of negotiation. In a similar vein, Furbush (1995) , Kleidon and Willig (1995) , Laux (1995) , Godek (1996) , and Huang and Stoll (1996) suggest that collusion is implausible in a market with many competitors and easy entry.
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Quote clustering and its impact on spreads
Quote clustering
In this study, we compare the extent of quote clustering between Nasdaq and NYSE stocks using data after the implementation of the new SEC order-handling rules and the new minimum tick size. The new SEC rules require that limit-order quotes be displayed in the Nasdaq BBO when they improve market-maker quotes and allow the public access to superior quotes in ECNs. These rule changes, together with the reduction in tick size from $1/8 to $1/16 on both the NYSE and Nasdaq, offer an opportunity to reevaluate the quotation behavior of liquidity providers.
We report in Table 6 the proportion of Nasdaq quotes in each quote increment. The results show that the proportion of even-sixteenth quotes (72%) is significantly larger than that of odd-sixteenth quotes. The proportion of even-eighth quotes among those quotes in eighths is only 55%, which is significantly smaller than the corresponding figure (84%) reported in Huang and Stoll (1996) . The proportion of evenfourths among those quotes in quarters is slightly larger than 53%. These results suggest that the avoidance of odd-eighth quotes by market makers reported in previous studies has largely been replaced by the avoidance of odd-sixteenths after the Table 4 Effects of stock characteristics on spreads
We regress measures of execution costs against the five stock attributes using our sample of Nasdaq stocks and the matched sample of NYSE stocks. We use three measures of execution costs: the quoted spread, effective spread, and realized spread. and realized spreads using all the time-series observations during the three-month study period and then use these averages in the regressions. The results from these regressions help us assess whether the five stock attributes are important determinants of the cross-sectional variation in spreads for our sample of stocks. We measure share price by the mean value of the midpoints of quoted bid and ask prices, and trade size by the average dollar transaction during the study period.
The number of trades is the total number of transactions during the study period. We measure return volatility by the standard deviation of daily returns calculated from the daily closing midpoints of bid and ask prices. To determine whether the differential stock attributes between Nasdaq and NYSE stocks can explain the difference between NYSE and Nasdaq spreads, we estimate the following regression model using data for our paired sample of 460 Nasdaq and NYSE stocks:
where N and Y refer to Nasdaq and NYSE, respectively, X Indicates statistical significance at the 0.05 level. Table 5 Effects of stock characteristics on depths We regress the depth against the five stock attributes using our sample of Nasdaq stocks and the matched sample of NYSE stocks. For each stock, we calculate the average depth using all the time-series observations during the three-month study period and use this average in the regressions. The results from these regressions help us assess whether the five stock attributes are important determinants of the cross-sectional variation in depths for our sample of stocks. We measure share price by the mean value of the midpoints of quoted bid and ask prices, and trade size by the average dollar transaction during the study period. The number of trades is the total number of transactions during the study period. We measure return volatility by the standard deviation of daily returns calculated from the daily closing midpoints of bid and ask prices.
To determine whether the differential stock attributes between Nasdaq and NYSE stocks can explain the difference between NYSE and Nasdaq depths, we estimate the following regression model using data for our paired sample of 460 Nasdaq and NYSE stocks:
where N and Y refer to Nasdaq and NYSE, respectively, X i (i = 1 to 5) represents one of the five stock attributes (share price, number of trades, trade size, return volatility, and market capitalization), denotes the summation over i = 1 to 5, αs are the regression coefficients, and ε is the error term. Absolute values of t-statistics are reported in parentheses.
reduction in the minimum tick size. For our NYSE sample, we find that the proportion of even-sixteenth quotes (61%) is significantly larger than that of odd-sixteenth quotes, but the use of even quotes at larger grids is not as frequent as in the case of sixteenths.
One might argue that the prevalence of even-sixteenths over odd-sixteenths on both Nasdaq and the NYSE is due to deliberate attempts by market makers/specialists to widen their spreads. As shown by Chung, Van Ness, and Van Ness (1999) , the majority of NYSE quotes reflect the interest of limit-order traders. Similarly, a significant portion of Nasdaq quotes could now reflect the interest of limit-order traders. Consequently, attributing more frequent even-sixteenth quotes on the NYSE and Nasdaq to specialist/dealer behavior could be fallacious. As suggested by numerous 18 the observed quote clustering on Nasdaq and the NYSE could also be driven by other reasons.
Several studies find a significant increase in the frequency of odd-eighth quotes on Nasdaq after the public disclosure of findings.
Some researchers (e.g., Christie, Harris, and Schultz, 1994) have interpreted the finding as evidence that market makers stopped colluding due to pressures from the negative publicity and investigations by the Department of Justice and the SEC. Alternatively, it could reflect the attempts of noncollusive market makers to avoid being charged with collusion on the basis of mistaken interpretations of data. Indeed, Sherwood Securities, which settled the litigation by agreeing to pay a total of $9.2 million, maintained that it had not engaged in any improper conduct.
If one interprets the decrease in the use of even-eighth quotes as the manifestation of reduced dealer collusion, the prevalence of even-sixteenth quotes after the introduction of the new minimum tick size is puzzling. One could argue that market makers renewed their collusion by avoiding odd-sixteenths and thereby maintained bid-ask spreads at supracompetitive levels. This scenario does not appear to be plausible, given the negative publicity of Nasdaq collusion and the possible penalty for anticompetitive behavior. 20 These considerations suggest that the prevalence of evensixteenth quotes (or the lack of odd-sixteenth quotes) might be driven by reasons other than collusion, such as natural clustering or investor habits.
Impact of quote clustering on spreads
Previous studies show that stocks with higher proportions of even quotes exhibit wider spreads. 21 In this section, we examine whether the same pattern exists after the 1997 SEC rule changes. We analyze how the quoted, effective, and realized spreads are related to the extent of quote clustering after we control for the effects of stock attributes on spreads. Specifically, we regress the quoted, effective, and realized spreads against the five stock attributes and obtain the residuals (residual spreads) from each regression. We then estimate the following four regression models for each of the three spread measures (i.e., the quoted, effective, and realized spreads):
Residual spread
where QC 1/16 is the proportion of even-sixteenths quotes among sixteenths, QC 1/8 is the proportion of even-eighths among eighths, and QC 1/4 is the proportion of evenfourths among quarters.
Panel A of Table 7 shows the results for the Nasdaq sample, and panel B shows the results for the NYSE stocks. For each spread measure, the first three columns show the results when we regress the residual spread against each of the three quote-clustering measures, and the fourth column shows the results when all three quote-clustering measures are simultaneously included in the regression.
The results show that the residual (quoted, effective, and realized) spreads of Nasdaq stocks are all positively and significantly related to the proportions of evensixteenths and even-eighths. The positive correlation between quoted spreads and the degree of quote clustering is consistent with the finding of . For the NYSE sample, the residual quoted spread is positively and significantly related to the proportions of both even-sixteenths and even-eighths, although the significance of the even-eighths quote clustering vanishes when all three quote-clustering measures are included in the regression. We find similar results for the residual effective spreads. In the realized spread regression, we find that the proportion of even-sixteenths and the proportion of even-eighths are both significant, separately as well as simultaneously.
Note that the proportion of even-sixteenths alone explains 16%, 20%, and 11%, respectively, of the cross-sectional variation in the residual quoted, effective, and realized spreads of NYSE stocks. In contrast, the proportion of even-eighths explains only 1%, 2%, and 4%, respectively, of the cross-sectional variation on the residual quoted, effective, and realized spreads. For the Nasdaq sample, we find that the proportion of even-sixteenths (eighths) explains about 8% of the cross-sectional variation in the residual quoted, effective, and realized spreads. Bessembinder (1999) reports that there is no significant relation between realized spreads and the proportion of even-eighth quotes for both Nasdaq and NYSE stocks. Bessembinder (1999, p. 404) concludes that "trade execution costs on Nasdaq in late 1997 are no longer significantly explained by a tendency for liquidity providers to avoid odd-eighth quotations." The study also concludes that "odd-sixteenth avoidance has little relevance for explaining post-reform Nasdaq trading costs." These results differ from the finding of the present study that stocks with higher proportions of even-eighth and even-sixteenth quotes have wider quoted, effective, and realized spreads on both the NYSE and Nasdaq.
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Although we find a positive effect of quote clustering on the spreads of NYSE and Nasdaq stocks, what triggers such an effect is not so evident. In , the high frequency of even-eighth quotes is claimed to be a reflection of dealers' collusive behavior to maintain supracompetitive spreads. Hence, it is the Table 7 Effects of quote clustering on spreads
We regress the quoted, effective, and realized spreads against the five stock attributes and obtain the residuals (residual spreads) from each regression. We then estimate the following four regression models for each of the three spread measures (i.e., the quoted, effective, and realized spreads): Residual spread dealers' desire to maintain larger spreads that causes quote clustering. Alternatively, the positive correlation between spreads and quote clustering could largely be an unintended outcome of investor preference toward coarse quotes discussed earlier.
For example, if all the market makers and limit-order traders use only even-sixteenth quotes, the quoted spread will be at least $1/8. On the other hand, if these liquidity providers do not exhibit such a preference and thus each quote increment is equally likely, the minimum spread is $1/16. Hence, the observed spread is likely to be positively related to the proportion of even-sixteenths, regardless of the underlying reasons.
Sensitivity analyses
As noted in Section 2 (see also Table 1 ), our matching samples of Nasdaq and NYSE stocks are similar in price, trade size, and market capitalization but differ considerably in return volatility and the number of trades. For example, the mean (median) value of return volatility for our Nasdaq sample is about 2.2 (2.1) times the corresponding figures for the NYSE sample. Note that return volatility at the 25th percentile in the Nasdaq sample is nearly 25% larger than return volatility at the 75th percentile in the NYSE sample. Similarly, the two groups of stocks are dramatically different in their trading frequencies. As a result, the observed differences in trading cost and quote clustering between the two samples could be due to their differential attributes. In this section, we examine this possibility by replicating our analyses using a sample of Nasdaq and NYSE stocks that are matched by the five stock attributes-share price, number of trades, trade size, return volatility, and market capitalization.
To obtain the matching sample of Nasdaq and NYSE stocks, we first calculate the composite match score (CMS) for each Nasdaq stock in our sample against each of 2,912 NYSE stocks in the TAQ database:
2 , where X k represents one of the five stock attributes and the superscripts, N and Y, refer to Nasdaq and NYSE, respectively. Then, for each Nasdaq stock, we pick the NYSE stock with the smallest score.
We find that the average market values of equity for the Nasdaq and NYSE samples are $1,449 million and $1,687 million, respectively. The average price of our Nasdaq sample is $33.41, and the corresponding figure for the NYSE sample is $33.49. The average number of trades and trade size for the Nasdaq sample are 10,922 and $47,096, respectively, and the corresponding figures are 7,748 and $47,109 for the NYSE sample. The mean values of return volatility for our Nasdaq and NYSE stocks are 0.0264 and 0.0216, respectively. Overall, our matching samples of Nasdaq and NYSE stocks are similar not only in share price, trade size, and market capitalization but also in return volatility and the number of trades.
When we replicate Table 2 through Table 7 using these newly matched Nasdaq-NYSE stocks, however, the results are qualitatively similar to those from our original study sample. 23 The average quoted, effective, and realized spreads for the Nasdaq sample are all significantly greater than the corresponding figures for the NYSE sample. We also find that NYSE stocks have much larger quoted depths than Nasdaq counterparts. The Nasdaq sample exhibits a considerably higher proportion of evensixteenth quotes than the NYSE sample, but the differences in the proportion of even-eighths and even quarters between the two samples are relatively small. Finally, we find that both Nasdaq and NYSE spreads are significantly and positively related to the proportion of even quotes. Hence, we conclude that our results are quite robust and not sensitive to different matching methods.
To further assess the sensitivity of our results to different empirical methodologies, we estimate the following regression models using data on our study sample of Nasdaq stocks and the entire population of NYSE stocks available from the TAQ: 
where DUM N equals one for Nasdaq stocks and zero otherwise, DUM Y equals one for NYSE stocks and zero otherwise, and all other variables are the same as previously defined. If the average spread of Nasdaq stocks is significantly greater than the average spread of NYSE stocks after controlling for differences in quote clustering and stock attributes, we expect α 1 to be significant and positive. Similarly, if the average depth of Nasdaq stocks is significantly smaller than the average depth of NYSE stocks, we expect β 1 to be negative. The effects of quote clustering on NYSE and Nasdaq spreads are measured by α 2 through α 7 . We allow a separate slope coefficient on number of trades for each market to reflect different volume-counting methods between the two markets.
We report the results in Table 8 . The results show that the estimate of α 1 is significantly positive and the estimate of β 1 is significantly negative, respectively, confirming our earlier findings that Nasdaq stocks exhibit wider spreads and smaller depths than NYSE stocks. Consistent with our earlier finding, the results also show that the proportion of even-sixteenths has a significant and positive effect on NYSE Table 8 Sensitivity analyses To further assess the sensitivity of our results to different empirical methodologies, we estimate the following regression models using data on our study sample of Nasdaq stocks and the entire population of NYSE stocks available from the TAQ: where DUM N equals one for Nasdaq stocks and zero otherwise, DUM Y equals one for NYSE stocks and zero otherwise, QC 1/16 is the proportion of even-sixteenths among sixteenths, QC 1/8 is the proportion of even-eighths among eighths, and QC 1/4 is the proportion of even-fourths among quarters. For each stock, we calculate the average quoted spread and depth using all the time-series observations during the three-month study period. We measure share price by the mean value of the midpoints of quoted bid and ask prices, and trade size by the average dollar transaction during the study period. The number of trades is the total number of transactions during the study period. We measure return volatility by the standard deviation of daily returns calculated from the daily closing midpoints of bid and ask prices. spreads, and the proportions of even-sixteenths and even-eighths have a significant and positive effect on Nasdaq spreads. As expected, we find that the spread is negatively related to trade size, market capitalization, and share price, and the depth is negatively related to share price and positively related to trade size and market capitalization. These results are all consistent with those shown in Table 4 and Table 5 obtained from our matching samples of Nasdaq and NYSE stocks.
Summary and conclusion
Numerous studies suggest that execution costs on Nasdaq are significantly greater than those on the NYSE. Some researchers maintain that Nasdaq dealers implicitly collude to set larger spreads than their counterparts on the NYSE. Both academic research and anecdotal evidence suggest that execution costs for Nasdaq issues have declined significantly since the phased implementation of the new SEC order-handling rules. In this study, we perform a post-Nasdaq market reform comparison of Nasdaq and NYSE trading costs and depths.
Our empirical results show that the quoted, effective, and realized spreads of Nasdaq stocks are all wider than those of comparable NYSE stocks. Although the negative publicity and legal action against Nasdaq market makers and subsequent SEC rule changes have exerted a significant impact on Nasdaq quotes, Nasdaq market makers still quote wider spreads than NYSE specialists. We conjecture that wider spreads on Nasdaq could largely be attributed to the high degree of internalization and preferencing. Our empirical results also show that the average quoted depth for Nasdaq stocks is significantly smaller than the corresponding figure for NYSE stocks.
We find that liquidity providers on Nasdaq tend to quote more in even-sixteenths, even-eighths, and even-fourths than their odd counterparts. The avoidance of oddeighth quotes reported in previous studies has largely been replaced by the avoidance of odd-sixteenths after the reduction in the minimum tick size. Our results also show that NYSE specialists quote significantly more in even-sixteenths than odd-sixteenths. We find evidence that spreads are wider for stocks that exhibit higher proportions of even-sixteenth quotes on both the NYSE and Nasdaq. In is unclear whether the positive relation between spreads and quote clustering is a result of the deliberate attempt by market makers to maintain supracompetitive spreads or an unintended outcome of investor preference toward coarse quotes. A further investigation of this issue is a fruitful area for future research.
